Administration of exogenous epidermal growth factor (EGF) improves testicular injury after acute ischemia-reperfusion (IR) stress, but the molecular basis is poorly understood. The role of endogenous EGF in testicular recovery and the underlying intracellular signaling pathways involved were herein investigated. In mice, testicular IR injury significantly enhanced the expression level of endogenous Egf at the very beginning of reperfusion. Expression of EGF receptor (Egfr (ErbB1)) was accordingly upregulated 3 h after reperfusion. Deprivation of majority of circulated EGF by sialoadenectomy aggravated testicular detriment (especially in pachytene spermatocytes), enhanced germ cell apoptosis, and thereafter resulted in impaired meiotic differentiation after IR insult. Mechanistically, endogenous EGF signaling appeared to be indispensable for the proper maintenance of Sertoli germ cells anchoring junction dynamics during the early testicular recovery. We also provided the in vitro evidences in a well-established rat Sertoli germ cell co-cultures model that the pro-survival effect of endogenous EGF on germ cells in response to testicular IR insult is mediated, at least in part, via the phosphatidylinositol 3-kinase/pAkt pathway. Collectively, our results suggest that the augment of endogenous EGF during the early testicular recovery may act on top of an endocrinous cascade orchestrating the intimate interactions between Sertoli cells and germ cells and may operate as indispensable defensive mechanism in response to testicular IR stress. Future studies in this field would shed light on this complicated pathogenesis.
Introduction
Testicular torsion and subsequent detorsion of spermatic cord, a common surgical emergency among boys and young men, requires early diagnosis and definitive management to avoid future testicular loss (Kanter 2011) . In spite of recent improvements in diagnostic and interventional medical care, altered testicular function and infertility remain significant sequels to this pathology (Taskara et al. 2011) . Testicular torsion leads to the recruitment and activation of neutrophils, germ cell-specific apoptosis, and inspiration of reactive oxygen species (ROS), contemporaneously with the retention of functional Leydig cell (LCs) and Sertoli cell (SCs) populations (Turner et al. 2006 , Namazi 2008 . These findings suggest that testicular torsion has the common features of a classical ischemia-reperfusion (IR) injury. Nevertheless, the molecular mechanism through which these pathological responses are directed and the reason why the function of somatic cells is protected from IR injury remain obscure.
Many growth factors are known to act as general and/or tissue-specific survival factors preventing the onset of apoptosis, among which epidermal growth factor (EGF) is a striking example (Goumenos et al. 2008 , Laurina et al. 2009 , Qiu et al. 2010 , Farkas et al. 2011 , Pilmane & Skagers 2011 . This polypeptide of 53 amino acids was first isolated and purified from the submandibular glands of male mice (Carpenter & Cohen 1990) and is capable of activating EGF receptor (EGFR or ErbB1) tyrosine kinase, which in turn activates intracellular signal transduction, enhances transcription of growth-related genes, and usually promotes cell growth (Narayanan et al. 2012 , Tarcic et al. 2012 . In testis, EGF immunostaining showed positive results in SCs, pachytene spermatocytes, and round spermatids (Radhakrishnan et al. 1992) . EGF is able to regulate LC proliferation, steroidogenesis, and SC activity (Bai & Wilson 2008 , Kuijk et al. 2009 ). Sialoadenectomy (removal of the submandibular glands) reduced the amount of circulating EGF to an undetectable level and thereafter resulted in a dramatic decrease in epididymal sperm storage by as much as 55% (Liu et al. 1994 ). On the other hand, overexpression of EGF induces hypospermatogenesis in transgenic mice (Wong et al. 2000) . Collectively, these reports suggest that a proper EGF expression is required for the normal completion of spermatogenesis.
Apoptosis, first coined to describe an evolutionarily conserved and highly regulated process of nonfunctional cell death, increases significantly in both ischemic and contralateral intact testes after IR injury (Sukhotnik et al. 2007 ). More importantly, the extent of apoptosis increases with the duration of the ischemia and subsequently determines the damage to testicular function (Turner et al. 2006) . Emerging data point out a direct involvement of EGF pathway in testicular apoptosis. For example, EGF administration to the cryptorchid testis significantly decreases the number of apoptotic germ cells (Kurokawa et al. 2005) . The EGF-GF ligands, EGF, transforming growth factor-a, and b-cellulin stimulate DNA synthesis in microdissected stage I segments of rat testis seminiferous tubules in vitro (Wahab-Wahlgren et al. 2003) . More recently, it has been shown that supplement of exogenous EGF after testicular torsion improves bilateral testicular injury (Uguralp et al. 2004) . Given the anti-apoptotic/ proapoptotic effect of EGF signaling is highly dose dependent (usually low concentrations of EGF promoted proliferation, while high concentrations of EGF induced cell cycle arrest, inhibition of proliferation, and apoptosis) (Zhao et al. 2006) , we hypothesize that the endogenous EGF may play an important role during the pathogenesis of testicular IR injury. An experimental study was, therefore, designed to evaluate the effects of deprivation of circulating EGF on testicular IR injury in murine sialoadenectomy model. We also provided in vitro evidences that may be related to the mechanism foundation.
Results

Testicular IR stress induces endogenous EGF expression in mice
In the first step, the effect of IR on the expression of endogenous EGF and its receptor was investigated in the murine sialoadenectomy model. During the whole study, the sham-operated mice maintained plasma EGF concentration fairly constant. One week after sialoadenectomy, plasma EGF concentration was beyond the limit of detection (w0.03 nM). Thereafter, plasma EGF concentration continuingly rose up and there were no significant differences between the sialoadenectomized and sham-operated group 4 weeks after surgery ( Fig. 1A ). Interestingly, we only observed a significant decrease in the intratesticular EGF concentration at the end of 1 week after sialoadenectomy (Fig. 1B) . This is as expected because EGF is expressed in many other cells and tissues and, in some of them, EGF expression is upregulated upon sialoadenectomy (Buira et al. 2004 ). These results collectively prompted us to choose postoperative 1 week as the time-point for the subsequent study. Next, the levels of sex hormones including testosterone, LH, and FSH were assessed given their pivotal roles in the control of spermatogenesis. The levels of both plasma testosterone and intratesticular testosterone were constant during the first 3 weeks after surgery and progressively increased thereafter, with the maximum levels in the postoperative 5-week samples (Fig. 1C and D) . By contrast, the level of plasma LH remained significantly low from 4 weeks after surgery afterwards (Fig. 1E ). The decrease in LH in sialoadenectomized mice, 4-6 weeks after IR, is likely to be due to feedback inhibition from the elevated testosterone levels. No significant change was detected in the plasma FSH level ( Fig. 1F ). Because growth factor pathways have been implicated in various organs in response to IR injury (Casillas-Ramirez et al. 2009 , James et al. 2010 , Brzozowski et al. 2012 , we then evaluated the effect of IR on endogenous EGF and its receptor expression in testis. The plasma EGF remained relatively high along the study period but unexpectedly, no statistical difference was detected ( Fig. 1G ). Conversely, the concentration of intratesticular EGF began to significantly increase from 1.5 h after IR stress afterward (Fig. 1H ). This stimulatory effect was further confirmed at the transcriptional level. In detail, IR injury significantly enhanced the mRNA expression of endogenous Egf at the very beginning of reperfusion. Expression of Egfr was upregulated 3 h after reperfusion ( Fig. 1I ). Conversely, this stimulatory effect was totally abolished in the sialoadenectomized testis ( Fig. 1J ).
Ablation of endogenous EGF enhances the testicular detriment after IR stress
Testicular atrophy is a common feature of impaired spermatogenesis or infertility (Liberal et al. 2010) . In our study, testis/body weight ratio was mildly lowered in sialoadenectomized animals, although there were no significant differences between the sialodenectomized and sham-operated group. However, significant difference in testis/body weight ratio was noted at the 24 h after IR stress (3.186G0.1103 vs 2.178G0.2847‰; P!0.05), and this difference could be reversed by the supplementary treatment with exogenous EGF (2.031 G0.1486 vs 2.997G0.1099‰; P!0.05) ( Fig. 2A) . Morphologically, the sialoadenectomized testis appeared quite normal except that a notable decrease in the mature sperm released into lumen was observed in hematoxylin and eosin (HE) staining. The seminiferous tubules of sialoadenectomized mice displayed a thinner epithelium, a higher occurrence of germ cell desquamation and epithelial vacuolation and a low intensity of primary spermatocytes (arrows) than the sham-operated tubules 24 h after IR stress, which could be reversed by application of exogenous EGF (Fig. 2B ). The flow cytometric DNA content distribution of various germ cells is well characterized by the presence of three main distinct peaks, representing spermatid (1C, including elongated spermatid and round spermatid), diploid spermatogonia (2C), and primary spermatocyte (4C) populations (Liao et al. 2010) . In line with previous report (Tsutsumi et al. 1986 ), our FACS analysis revealed a significantly increasing percentage of 4C in sialoadenectomized testis. Interestingly, IR stress completely abolished the accumulation of 4C spermatocytes and thereafter resulted in a dramatic decrease in primary spermatocytes in sialoadenectomized testis. Replacement with exogenous EGF restored the 4C percentage to RT-PCR showed that testicular IR injury induces endogenous Egf expression in sham-operative testis shortly after the beginning of reperfusion. EGF-responsive receptor, Egfr, was also induced at the transcriptional level starting 3 h after reperfusion (I), whereas sialoadenectomy totally compromised the elevated EGF signaling (J). Amplification of Gapdh mRNAs was served as internal control. Representative results were demonstrated from at least three independent determinations.
Role of Egf in testicular ischemia-reperfusion injury the normal level, confirming the deleterious effect of IR injury on primary spermatocytes ( Fig. 2C ). Taken together, these data suggest that the protective effect of endogenous EGF against testicular IR insult mainly occurred during meiosis. The available data made us wonder whether the surviving spermatozoa are capable of inseminating an egg, thereby retaining their reproductive competence. We compared the caudal sperm intensity, sperm motility, and litter size between experimental groups at different time-points after IR stress as described in Table 1 . Overall, the fertility potential was reduced in the sialoadenectomized male mice even in the absence of IR stress ( a P!0.05) and the impairment in the fertility induced by IR insult was transient and last w4 weeks ( b,c P!0.05). By contrast, removal of the majority of endogenous EGF enhanced the testicular detriment after IR stress and resulted in a dramatic decrease in the impregnation rate ( d P!0.05). These results convincingly confirmed that endogenous EGF is an indispensable acute protective mechanism against testicular IR insult.
Ablation of endogenous EGF increases germ cell apoptosis after IR stress and thereafter leads to impaired spermatogenic differentiation
The death of cells following testicular IR injury is initiated through germ cell-specific apoptotic pathway (Lysiak et al. 2007) . We were keen to know whether the above-mentioned observation was due to the upregulation of the apoptotic process induced by testicular IR stress. We quantified the apoptotic rate in different groups using a quantitative ELISA method. As shown in Fig. 3A , there were dramatic increases of germ cell apoptosis in both sham-operated and sialoadenectomized testes at 24 h after IR stress, with the higher level in the latter. This elevation of apoptotic wave could be compromised when the animals were supplemented with exogenous EGF. Most of the degenerated germ cells were histologically detected to be primary spermatocytes, whereas few apoptotic spermatids and somatic cells were observed (arrows in Fig. 3B ). Because the testicular torsion and subsequent detorsion have been established as a reversible approach for impairment of spermatogenesis, we were then interested to know whether this elevated apoptosis beard any biological effects. We explored the expression levels of genes known to be sequentially tuned in spermatocyte development (Li et al. 2011b ). The transcripts from the proacrosin (known to be expressed in mid-pachytene spermatocytes) and cyclin A1 (appearing at the end of prophase of meiosis) were practically decreased in the sialoadenectomized testis when compared with the relatively steady levels in the sham-operated testis at 48 h after IR stress (Fig. 3C ). In addition, we frequently found round spermatids in the caudal epididymis, which was confirmed by the expression of Kdm3a (Jhdm2a) transcripts (blank arrows in Fig. 3D ), a specific marker of round spermatids (Okada et al. 2007) , in the caudal epididymis at 48 h after IR stress (Fig. 3D ). These data together suggest that the protective effect of endogenous EGF against apoptosis in germ cells is required for both spermatogenic differentiation and cell attachment under the condition of IR stress.
Endogenous EGF contributes to maintain the integrity of testicular anchoring junction after IR stress Sialoadenectomized testis exhibits several hallmarks of testicular impairment (elevated epithelium degeneration, increased apoptotic rate inside seminiferous tubules, and germ cell desquamation), suggesting a disruption of SC function. As germ cells exist in an environment created by SCs, paracrine signaling between these intimately associated cells must regulate the process of germ cell death (Boekelheide et al. 2000) . These observations promote our belief that the interaction between SCs and germ cells must be disturbed and this disruption may cause the massive germ cell death in our model. We therefore examined various SCs-specific functional genes in the testes of the sialoadenectomized mice using real-time PCR. Interestingly, the expression of most genes was unaffected in the sialoadenectomized group before IR stress (Fig. 4A ). However, the expression level in half of the genes observed, among which most of the genes are documented to maintain the functionality of Sertoli germ cell anchoring junction (AJs), was disrupted in the same group after IR stress ( Fig. 4B ). An attenuated expression pattern of N-cadherin was also confirmed in the testis of sialoadenectomized mice at 4 h after IR stress by immunohistochemical staining (Fig. 4C ). At 4 h after IR stress, a biologically active FITC-labeled insulin was injected into the interstitium of the testes. The labeled insulin was completely retained in the interstitial space and basal compartment of both sialoadenectomized and sham-operated testes (Fig. 4D ). Instead, expression of testin, a specific marker for the disruption of Sertoli germ cell AJs (Grima et al. 1998) , was dramatically increased in sialoadenectomized testes 4 h after IR stress ( Fig. 4E and F ), suggesting that AJs not TJs were impaired in sialoadenectomized testes after IR stress. It is obvious that endogenous EGF is required for the maintenance of normal dynamics of Sertoli germ cell AJs in response to IR insult.
Pro-survival effect of endogenous EGF in response to testicular IR stress is regulated, at least in part, via the phosphatidylinositol 3-kinase/pAkt pathway To further dissect the potential mechanism underlying our observations, we employed a well-characterized SC germ cell co-culture system. When Sertoli and germ cells were co-cultured in vitro in serum-free chemically defined medium, functional AJs were formed within 1-2 days. This event is marked by the upregulated activities of several protein kinases such as phosphatidylinositol 3-kinase (PI3K) and its downstream effector phosphorylated Akt, as well as p21-activated kinase-2 during the early phase of co-culture (Siu et al. 2005) . Indeed, induction of the protein levels of pAkt was detected as early as 3 h after addition of germ cell to the cultured SCs. Protein lysates from 20-day-old SCs cultured for 5 days alone and from freshly isolated germ cells from 90-day-old rats were also applied to immunoboltting analysis to determine the endogenous levels of different target proteins pertinent to AJ formation. Interestingly, a steady induction of pEGFR Role of Egf in testicular ischemia-reperfusion injury expression was also observed during the early phase of co-culture (Fig. 5A) . The EGFRs are known to form homodimers or heterodimers, and signal mainly through MAPK or/and PI3K signaling pathway (Mut et al. 2012 ). The available data, therefore, implied that EGF may exert its protective effect against testicular IR stress through PI3K/Akt pathway. To verify this possibility, we subjected the SC germ cell co-cultures into simulated IR stress in the presence or absence of AG1478, a tyrosine kinase inhibitor capable to substantially block EGFR activation (Filosto et al. 2012) . Addition of germ cells into cultured SCs resulted in a significant increase in the EGFR activation and of the formation of functional AJs, as evidenced by the upregulated expression levels of pEGFR and N-cadherin respectively. This increasing trend was even more dramatic 12 h after the co-cultures were subjected to IR stress, well coincident with a remarkable upregulation of pAKT expression. Strikingly, inhibition of EGFR activity via AG1478 treatment abolished the expression of both pAKT and N-cadherin ( Fig. 5B ). Expression of BCL2 (anti-apoptotic protein) in co-cultures was significantly upregulated after simulated IR stress, which was totally abrogated by AG1478 treatment. Consistently, the expressions of both caspase-9 and the apoptotic executioner of activated caspase-3 were augmented in IR-stimulated co-cultures in the presence of AG1478. Conversely, expression of caspase-8 remained relatively constant along the study period (Fig. 5C ). Thus, endogenous EGF may act on top of an endocrinous cascade orchestrating the intrinsic anti-apoptotic activity of PI3K/Akt signaling in response to testicular IR stress.
Discussion
The murine sialoadenectomy model has been widely used to investigate the effect of endogenous EGF on the reproductive biology (Dube et al. 2012) . In our study, both plasma and intratesticular testosterone levels began to increase at the 4th week after surgery. This is consistent with the previous report that the serum testosterone was significantly reduced in transgenic mice overexpressing hEGF. It remained unlikely that the stimulatory effect of EGF deprivation on testosterone synthesis may stem from evoking of gonadotropic axis at central events as the circulating LH level was decreased during the late study period. Instead, an autocrine/paracrine feedback of steroidogenesis in response to testicular IR injury is strongly suggested. Furthermore, large volumes of in vitro data have shown the inhibitory effect of EGF on LCs (Manna et al. 2002 , Evaul & Hammes 2008 , Shiraishi & Ascoli 2008 . Therefore, it is also possible that enhanced testosterone production in sialoadenectomized testis was due to a direct effect of EGF on LC function. Nevertheless, the fact that downregulation of EGF expression was not overlapping with elevated testosterone production in sialoadenectomized testis after IR injury does indicate that EGF action on testicular IR pathogenesis is relatively independent of regulation by sex hormones. EGF is well known to stimulate cell proliferation and differentiation in a variety of tissues under IR stress. For example, EGF enhances renal tubule cell regeneration and repair and accelerates the recovery of renal function in postischemic acute renal failure. EGF significantly protects against intestinal IR injury. Sustained administration of EGF after testicular torsion improves bilateral testicular injury (Uguralp et al. 2004) . Moreover, emerging evidences demonstrated that EGF signaling is able to decrease ROS production, which has been suggested to play an important role during IR pathogenesis, in the intestine, pancreas, and renal tissue (Maeda et al. 2004 , Hussein Ael et al. 2011 . In this context, it was not surprising that testicular IR stress elicited significant increase in EGF activity (Fig. 1H, I and J) , and depletion of endogenous EGF by sialoadenectomy resulted in more dramatic testicular damage after torsion/detorsion. Of note, 8 weeks after IR insult, the impregnation rate of sialoadenectomized mice was much lower than that of sham-operative mice, but one can argue that this is due to the deleterious effect of sialoadenectomy per se because we did not detect significant difference of impregnation rate between SialoCIR and Sialo groups ( Table 1 ). The relevance of such a phenomenon is presently under investigation, but considering that distribution half-life of EGF in plasma is a few minutes and the elimination half-life is just about an hour (Ellis et al. 2006) , it is reasonable to propose that the protective effect of EGF should be transient along testicular IR pathogenesis.
One distinguishing feature in our study is that a significantly increased apoptotic wave involving primary spermatocytes takes place right after IR insult (Figs 2B, C and 3C). Our result is in keeping with Koji et al.'s (2001) work in which testicular torsion/detorsion causes germ cell-specific apoptosis, which is predominantly immunolocalized in the out layer of the rat seminiferous tubules at stages XI-XII, when the meiotic cell division of spermatocytes is underway. This is understandable. The DNA of the spermatocytes in meiosis is most vulnerable to the introduction of a range of errors during the complicated process of spermatogenesis. Cleavage mechanisms (such as apoptosis) are usually initiated to remove those germ cells whose further differentiation has been arrested because of stress condition-induced intrinsic deficiency. However, excessive cell death may result in subsequent impairment of spermatogenic differentiation (Li et al. 2011b) . Similarly, apoptotic frequency is increased in spermatogenic maturation arrest and hypospermatogenic states of both experimental rodents and human patients (Lin et al. 1997) . Therefore, multifactorial mechanisms are warranted in pachytene spermatocytes to ensure the maintenance of proper balance of apoptosis upon stress conditions. This may explain why testicular IR stress significantly enhanced the expression of endogenous Egf from the very beginning of reperfusion in our study as emerging evidences have clearly established EGF as a crucial determinant of cell survival. Together with previous reports that EGF can suppress the apoptosis induced by various stimuli in cultured fetal hepatocytes, mammary epithelial cells, and PC12 cells (El-Assal & Besner 2005) , our data suggest that the anti-apoptotic ability of EGF exists on a broader range and it may serve as negative regulatory mechanism to help to maintain the cellular integrity, especially during meiosis, in response to testicular IR stress.
Testicular AJ is predominantly localized between SCs and germ cells. The main function of AJs is to create a network that maintains tissue integrity and to function in signal transduction events because some of the component proteins of these junctions are signal transducers that relay bidirectional signals to regulate basic cellular processes (Siu et al. 2005) . Emerging data have suggested an involvement of AJs in the regulation of germ cell apoptosis. For example, mono-(2-ethylhexyl) phthalate (MEHP) can disrupt vimentin filaments at the site of Sertoli germ cell AJs, which can induce a surge in the expression of testicular Fas receptor and subsequent germ cell apoptosis (Richburg & Boekelheide 1996) . In the present communication, dynamics of Sertoli germ cell AJs was disrupted right after IR insult, evidenced by the attenuated expression profile of AJ-related molecules accompanied by a surge in testin expression. These results also lend support to the above-mentioned notion that functional integrity of AJs is indispensable for early recovery from testicular IR injury. Essentially, the dynamic nature of spermatogenesis requires AJs to act rapidly to extracellular stimuli in order to permit a timely passage of developing germ cells across the seminiferous epithelium from the basal to the adluminal compartment (Yan et al. 2008) . Therefore, the half-life of AJs component proteins is usually short and thereby Sertoli germ cell contacts are subject to extensive alteration and remodeling (Cheng et al. 2011 ). In addition, EGF signaling has been identified as one of the earliest signal transduction events occurring near the cell membrane in response to different stress conditions (Cai et al. 1998 , Zhang & Jope 1999 , Murshid et al. 2011 . Taken together, our current data open up the possibility that the prominent emergence of endogenous EGF during the early phase of testicular reperfusion may exert its anti-apoptotic effect through modulation of the functionality of AJs.
Despite the well-known pro-survival functions of EGF, the molecular basis of its function on AJ integrity is 184 S Zhang, Y Zeng and others obscure. In the current study, expression levels of both pEGFR and pAkt were significantly induced at the time germ cells adhered to SCs in vitro, illustrating the involvement of them in AJ assembly. The induction of the two kinases could be more dramatic when the co-cultures were subjected to simulated IR stress, contemporaneously with the achievement of AJs formation (evidenced by the expression of N-cadherin). Inhibition of EGFR activity totally abolished the PI3K/Akt pathway and AJ assembly and then resulted in dramatic increase in intrinsic apoptotic activity. These results clearly demonstrated an indispensable role of EGF/EGFR/PI3K/Akt signaling in the regulation of AJ dynamics in response to testicular IR injury. Actually, both PI3K and pAKT have been immunolocalized at the site AJ and apical AJ likely uses these protein kinases as regulatory proteins to modulate Sertoli germ cell junction dynamics (Siu et al. 2005) . Furthermore, HB-EGF can enhance the early recovery of intestinal function after intestinal IR stress via PI3K/Akt pathway (El-Assal & Besner 2005) . All together, reinforcement of Sertoli germ cells interaction via EGF/EGFR/PI3K/Akt pathway may represent a potential intrinsic mechanism of early testicular healing after acute ischemic injury in rodents.
On the above-mentioned basis, treatment with exogenous EGF seems to be a simple enforcement of a natural defensive mechanism and to be a possible therapeutic strategy to promote early recovery after testicular IR. Worthy to note, the optimized administration route and administration dosage should be determined in the future study as the effects of EGF on cell proliferation and apoptosis are highly dose dependent. High concentrations of EGF induced both EGFR expression and apoptosis (Zhao et al. 2006) . Similarly, transgenic mice overexpressing EGF are characterized by absence or !10% of tubules containing cells beyond the pachytene stage and sterile (Wong et al. 2000) . Overexpression of EGF can also influence the function of LCs and gonadotropin production (Evaul & Hammes 2008) . Accordingly, the potential side effects of EGF application on testicular biology require for the further investigation.
In summary, endogenous EGF, EGFR, and PI3K/AKT are involved in the intrinsic process of early recovery from testicular IR injury (Fig. 6 ). Acute IR stress induces a massive germ cell-specific apoptosis, which occurs mainly in the meiotic spermatocytes and may help to remove the defected germ cells after IR insult. However, excessive apoptosis would lead to the disturbance of spermatogenic differentiation and thereafter impair the male fertility. To prevent this deleterious effect, the cross talk between SCs and germ cells is enhanced during the early recovery after testicular IR stress, as the paracrine interactions between these intimately associated cells plays an essential role in the regulation of germ cell apoptosis related to testicular injury. These functions were mediated via activation of ErbB1, with subsequent activation of PI3K/ AKT system, which plays a complementary role in EGF-mediated and intrinsic maintenance of the integrity of functional SC germ cell AJs. Overall, the enhancement of endogenous EGF seems to be a naturally occurring, indispensable defensive mechanism in response to testicular IR stress. Future achievement of in-depth knowledge on this field would certainly herald a synthetic understanding of this very complex pathogenesis.
Materials and Methods
Ethics statement
All animal work was approved by the Animal Care and Use Committee of the Fourth Military Medical University and the protocols were strictly conformed to the Guide for the Care and Use of Laboratory Animals published by the National Institutes of Health (NIH publication No. 85-23, revised 1996) . All surgery was performed under sodium pentobarbital anesthesia (0.04-0.05 mg/g body weight, i.p.), and all efforts were made to minimize suffering.
Establishment of animal models
Sexually mature C57/BL6 male mice (10 weeks of age) were obtained from the Animal Research Center of the Fourth Military Medical University, Xi'an (China), they were fed ad libitum, and maintained under a constant 12 h light:12 h darkness cycle (lights on at 0800 h) and controlled conditions of humidity (between 70 and 80%) and temperature (22G 1 8C). They were allowed to acclimatize for at least 1 week before the experiment. Sialoadenectomy was carried out in mice as described previously (Buira et al. 2004) . Briefly, a small incision was made to expose the submandibular salivary glands and the tissues were then ligated and excised. The shamoperated mice received the same operation except that the tissues were not ligated and excised. Experimental animals were maintained in fasting conditions for the next 24 h. Thereafter, animals had free access to pelleted chow and tap water until they were subjected to testicular IR injury 1 week later. Blood of some sialoadenectomized mice was collected from the inferior vena cava and processed to determine plasma EGF. EGF supplementation began on the first day after sialoadenectomy with the s.c. injection of recombined human EGF (Promega) (100 mg/kg body weight) consecutively for 7 days. The induction of testicular IR injury was performed in rodent testes according to previous report (Lysiak et al. 2001 , Namazi 2008 . In brief, the testis was exteriorized through a low midline laparotomy, the gubernaculum was divided, and the testis was separated from the epididymo-testicular membrane. The testis was rotated 7208 for 2 h (mice), during which time tissues remained in the abdomen with a closed incision. Subsequently, the incision was reopened and the testis was counter-rotated to the normal position. Shamoperated animals were treated identically except that on completion of the torsion maneuver, the testis was immediately counter-rotated. Six males from each group were killed by CO 2 asphyxiation at different time-points after surgery as indicated in Figure legends . To evaluate the permeability of testicular tight junctions (TJs) after IR stress, testes were exposed and 50 ml FITC-insulin (Invitrogen) was injected under tunica albuginea at 4 h after IR treatment. Thirty minutes later, testes were harvested, fixed overnight in 4% paraformaldehyde, and embedded in paraffin. Immunofluorescent signals were finally recovered using Zeiss 510 confocal microscope.
Assessment of male fertility and epididymal parameters
We investigated the reproductive capacities of experimental mice by mating one male with two females for 2 weeks in multiple trials as indicated in Table 1 . Female mice were checked for vaginal plugs each morning and litter sizes were recorded on delivery from three successive matings. The epididymides were removed and minced in 1.5 ml potassium-modified simplex optimized medium and 3% BSA for 30 min at 37 8C to release sperm into the medium. Motility of at least 200 epididymal spermatozoa was assessed by means of light microscopy as described elsewhere (Xu et al. 2007 ).
Hormone assays
Levels of testosterone, LH, and FSH were measured by RIA in plasma or in supernatants of total testicular homogenates (Lindzey et al. 1998 , Wu et al. 2010 . All samples were assayed in duplicate, and each experimental data point consisted of three to six samples. The lower limits of detection for testosterone, LH, and FSH were 31.58 (pg/ml), 0.13, and 1.78 (ng/ml) respectively. Intra-and interassay coefficients of variation (CV) were w8.4 and 7.2% respectively for testosterone; 6.6 and 5.1% for LH and 4.7 and 2.8% for FSH. Plasma EGF concentrations were tested by a radioreceptor method, using EGF Radioassay Kits (Biomedical Technologies, Inc., Stoughton, MA, USA) according to manufacturer's instruction. The lower limit of EGF detection was 0.20 (ng/ml) and the intraassay CV was about 8.2%.
Preparation and simulated IR stress of rat Sertoli germ cell co-cultures
SCs were isolated from the testes of 4-month-old rats as described elsewhere (Anway et al. 2003) . Cells were plated on 12-well dishes coated with Matrigel (Collaborative Biochemical Products, Bedford, MA, USA) in 1:1 (v/v) nutrient mixture F-12/DMEM and cultured for 48 h before being subjected to the hypotonic treatment with 20 mM Tris (pH 7.4) for 2.5 min to lyse residual germ cells, followed by two successive washes with F-12/DMEM to remove cell debris. The purity of these SC cultures was routinely analyzed by RT-PCR as reported (Siu et al. 2005) . Germ cells were isolated from 90-day-old rat and were then added onto the SCs epithelium on day 6 after SCs had been cultured alone for 5 days, forming an intact epithelium. Co-cultures were maintained at a Sertoli/ germ cell ratio of 1:1 to permit ES assembly (Siu et al. 2005) . SDS lysis buffer was employed to terminate the co-cultures at the specific time-points as described in Figure legends . To simulate IR, we incubated the co-cultures in ischemic buffer solution (mM: 5.37 KCl, 0.44 KH 2 PO 4 , 136.89 NaCl, 4.166 NaHCO 3 , 0.338 Na 2 HPO 4 , and 5 D-glucose, pH 7.3-7.4 at 37 8C) saturated with 95% N 2 and 5% CO 2 . To mimic ischemic conditions, we adjusted the pH to 6.8 using lactate. The dishes were put into a hypoxic incubator that was equilibrated with 1% O 2 /5% CO 2 /94% N 2 . After 2 h of hypoxic treatment, the culture medium was rapidly replaced with fresh F-12/DMEM to initiate reoxygenation (Li et al. 2011a) . At the 12 h of reperfusion, co-cultures were harvested and subjected to subsequent immunoblotting analysis.
Flow cytometry
Germ cells were released from seminiferous tubules in PBS as described elsewhere (Hou et al. 2012) . After germ cells were stained with 25 mg/l ethidium bromide (Sangon Biotech, Shanghai, China), samples were analyzed by flow cytometer with an excitation wavelength of 488 nm.
RNA isolation and qRT-PCR
Total RNA was extracted from fresh mouse testicular tissue or isolated caudal spermatozoa using Trizol (Invitrogen) and DNA contamination was cleaned using RNeasy MinElute cleanup kit (Qiagen, Inc.) according to the manufacture's instructions. For RT-PCR, first-strand cDNA was synthesized with Superscript III (RNase H-Reverse Transcriptase; Invitrogen) and PCR was set up according to Promega's RT system protocol. The details of primers used in this study were listed in Supplementary Table 1 , see section on supplementary data given at the end of this article (Cai et al. 2003 , Cooke et al. 2006 , Feng et al. 2009 , Moik et al. 2011 . The amplification of Gapdh or 18s mRNAs was served as internal control. PCR products were then quantified by SYBR green intercalation using the MiniOpticon system (Bio-Rad Laboratories, Inc.). Standard curves were constructed for specific targets and 18s (internal control) by plotting values of CT (the cycle at which the fluorescence signal exceeds background) vs log cDNA input (in nanograms). Accordingly, CT values from each experimental sample were then used to calculate the amount of specific targets and 18s mRNAs relative to the standard. For each sample, results in terms of specific targets expression levels were normalized to those of the internal control 18s.
Histological examination
Harvested testes were fixed in Bouin's solution for about 24 h, embedded in paraffin, and were further processed into 5 mmthick sections for HE staining.
